INTRODUCTION 22
The importance of coupling subsurface solute transport models with geochemical codes, 23 capable of simulating a wide variety of equilibrium and kinetic reactions, has been 24 increasingly recognized and has led to major developments of reactive transport codes for 25 subsurface environmental simulation (e.g., [1, 2] ). The coupling of fluid flow, mass 26 transport and geochemical reactions is instrumental for understanding and predicting the 27 complex interplay between physical and bio-geochemical processes in sediments and 28 groundwater systems, as well as for the quantitative interpretation of experimental 29 observations both at the laboratory and field scales. Combining flow and transport codes 30 with geochemical reaction packages has led to a first generation of now well-established 31 reactive transport simulators for both groundwater (e.g., CrunchFlow continued over the last decade with increasing capabilities added to existing simulators as 35 well as new couplings between different transport and geochemical codes (e.g. HP1/HPx 36 [12] ; PHWAT [13] ; RICH-PHREEQC [14] ). Impetus to such advances was certainly 37 thermodynamic databases [19, 20] . Recent reactive transport simulators that benefited 48 from the IPhreeqc capabilities include the couplings with COMSOL Multiphysics ® (e.g., 49
[19]; [21, 22] ), OpenGeoSys [23, 24] and UTCHEM [25] . 50
In this study we also take advantage of the IPhreeqc capabilities to explore the coupling 51 between a two-dimensional multicomponent ionic formulation of charged species 52 advective-dispersive transport and reactive processes. Many studies have demonstrated 53 the importance of electrostatic effects due to charge interactions and leading to 54 multicomponent diffusion of ions in aqueous solutions. Experimental observations have 55 shown the effects of Coulombic interactions on the diffusive mobility of major ions, 56 heavy metals and radioactive tracers both at the laboratory [26, 27] and at the field scale 57 [28] [29] [30] [31] . The description of such interactions in multicomponent diffusion models is 58 usually treated by including an electromigration term in addition to the classical Fickian 59 diffusion term (e.g., [32] [33] [34] [35] [36] ). In a series of recent laboratory flow-through experiments 60 we have shown that the role of Coulombic effects is critical not only in diffusion-61 dominated systems but also in advection-dominated flow regimes [37] [38] [39] . In fact, the 62 results of such experiments demonstrated that the displacement of ions in porous media is 63 coupled and the electromigration effects do not vanish at high flow velocities. These 64 experimental findings represent a challenge as well as an opportunity for further 65 development of reactive transport codes. Only recently a dataset of multicomponent 66 conservative ionic transport obtained under flow-through conditions in a homogeneous 67 5 porous medium has been used to benchmark the multicomponent transport capabilities of 68 the CrunchFlow and MIN3P codes [40] . However, to the best of our knowledge, the 69 behavior and effects of Coulombic interactions for multidimensional conservative and 70 reactive transport in physically and chemically heterogeneous porous media have not 71 been investigated, yet. The purpose of this contribution is to present a reactive transport 72 tool helping to address these issues in particular on the light of the increased recognition 73 of the key role of molecular diffusion for solute transport from the pore to the field scale. 74
Small scale diffusive processes have been shown to impact solute transport in flow-75 through systems not only at the laboratory (e.g., [41] [42] [43] [44] [45] ) but also at the larger field scale 76 (e.g., [46] [47] [48] [49] [50] [51] [52] [53] [54] ). The impact of diffusion, which is the only true mixing process in 77 groundwater [55], on solute transport indeed does not vanish at larger scales but 78 propagates through scales also under flow-through conditions [53] . Models aiming at 79 capturing these effects in heterogeneous flow fields need to implement improved and 80 more realistic descriptions of local dispersion, linking the mechanical dispersion term to 81 spatially-variable hydraulic conductivity values and avoiding using constant dispersivities 82 that inevitably mask (or underestimate) the role of aqueous diffusion in porous media. 83
This work presents a two-dimensional reactive transport model that explicitly accounts 84 for the Coulombic interactions coupled with geochemical reactions during 85 multicomponent ionic transport in both homogeneous and heterogeneous flow-fields 86 under transient transport conditions. The modeling approach is based on a charge-87 balanced multicomponent formulation and on the spatially variable description of local 88 hydrodynamic dispersion that is of key importance for the coupling of the fluxes of the 89 different ionic species in solution. Additionally, we couple the two-dimensional 90 
where D i is the self-diffusion coefficient, C i is the concentration of charged species i, γ i is 116 the activity coefficient, z i is the charge number, F is the Faraday's constant, R is the ideal 117 gas constant, T is the temperature, Φ is the electrostatic potential, and N is the number of 118
species. 119
In dilute solutions and in the absence of strong ionic strength gradients, the gradient of 120 the activity coefficients (second term of Eq. 1) can be neglected [33] . Thus, the above 121 expression describing the multicomponent ionic diffusive fluxes reduces to: 122
(2)
This equation includes fluxes due to self-diffusion as well as electromigration, which is 123 basically induced from the electrostatic interactions, for a particular mobile species. 124
Following two physical constraints based on electroneutrality (i.e., (i) conservation of 125 local charge balance, ), the gradient of Φ can be expressed as: 127
Therefore, the flux expression of Eq. (2) readily reduces to: 128
This formulation directly describes the movement of a particular charged species as a 129 function of concentration gradients, self-diffusion coefficients, and charge numbers not 130 only of that ion but also of all ionic species in the electrolyte system. Eq. (4) can also be 131 further rearranged in a more compact notation that takes the form: 132
where D ij are the inter-diffusion coefficients that include both the pure diffusive (first 133 term, Eq. 4) and the electromigration (second term, Eq. 4) fluxes. The cross-coupled 134 inter-diffusion coefficients are defined as: 135
where δ ij is the Kronecker delta that is equal to 1 when i=j and equal to 0 if i≠j. 136
In flow-through systems an analogous set of equations (Eqs. 1-6) can be derived by 137 following the above steps and replacing the pure self-diffusion coefficients by the 138 hydrodynamic dispersion coefficients [37, 38] . 
Solution of Flow and Transport Equations 151
The governing equation for steady-state groundwater flow in a two-dimensional domain 152 is expressed as [61]: 153
where h, ψ and K are hydraulic head, stream function and hydraulic conductivity tensor, 154 respectively. The groundwater flow problem (Eq. 7) is solved numerically by bilinear 155 finite elements on rectangular grid. 156
The governing equation for multicomponent ionic transport problem coupled with 157 reactive processes in two-dimensional saturated porous media reads as: 158
where t is time, v is the seepage velocity vector, D ij is the tensor for cross-coupled 159 dispersion coefficients, R i is the reactive source/sink term. For charged compounds the 160 entries of D ij in a two-dimensional local coordinate system, referencing along the 161 directions parallel and orthogonal to flow, are described as: 162
in which 
is the pore diffusion 175 coefficient and  the tortuosity of the porous medium. Since the latter is difficult to 176 determine, the pore diffusion coefficient is typically described as a function of the 177 porosity (θ) and a common approximation for unconsolidated material is P ; with v being the flow velocity) is the grain Péclet number of species i. δ 180 denotes the ratio between the length of a pore channel to its hydraulic radius. β is an 181 empirical exponent that accounts for the effects of incomplete mixing in the pore resolution transport simulations in heterogeneous porous media is to take into account 189 that the grain diameter (d) in Eq. (11) is spatially variable and should be linked to the 190 local hydraulic conductivity value. We use the simple approximation of Hazen [68] , 191 which was adopted in previous studies (e.g., [51, 69] ), as a relationship between the grain 192 diameter and hydraulic conductivity: centered finite volume method (FVM) [70] . We use a sequential non-iterative operator 204 splitting approach to decouple the transport and reaction terms. For the advection 205 problem, we use upwind differentiation for spatial discretization and the explicit Euler 206 method for time integration. The dispersive fluxes are computed by the implicit Euler 207 method for integration in time. The resulting system of equations for the dispersion 208 problem is solved by using the direct matrix solver UMFPACK [71]). In multicomponent 209 ionic transport problems the system of equations becomes nonlinear due to the 210 electrostatic interactions between the dispersive fluxes of different charged species. 211 Therefore, we use an iterative scheme with a Picard loop to linearize the coupled non-212 linear set of equations in each temporal step. The detailed computational steps for the 213 multicomponent transport and reaction calculations are summarized in Table 1 . 214
For each time step, dt, we consider the concentration vector from the advection step (i.e., 215 after the advective shift of concentration) as an initial guess of the Picard iteration to 216 determine the cross-coupled dispersion coefficients (Eqs. 9-10). Afterwards, we 217 determine the mobility matrix 
Step 1:
Calculate the cross-coupled dispersion coefficients in each cell,
Step 2:
Calculate mobility matrix for dispersion problem,
Solve for the concentration,
Step 4:
Next iteration: 
The analytical solution of the advection-dispersion equation in a semi-infinite two-264 dimensional perfectly homogeneous domain (0<x<∞ and -∞<z<∞), considering transient 265 transport of a solute initially distributed in a rectangular region with zero influx of solute 266 mass at the upstream boundary (Eqs. 15-18), is given by [72, 73] : 267 The initial and boundary conditions are defined as: 268
where x 1 and x 2 are the longitudinal positions delimiting the initial location of the solute 269 source. In the transverse direction, the solute is initially located between -a and a. 270
We consider a two-dimensional homogeneous domain of 100 cm × 12 cm, which is 271 discretized into 100 (Δx = 1 cm) and 240 (Δz = 0.5 mm) cells along the longitudinal and 272 transverse dimension, respectively. The transport simulations are run for a total 273 simulation time of t = 18 hours with a uniform horizontal velocity of v = 1.0 m/day. The 274 porosity of the flow-through system is 0.41. We consider a rectangular solute source, 275 with dimensions of 2 cm × 2 cm, initially located 2 cm downstream of the inlet boundary, 276 between 5 and 7 cm along the vertical dimension (Fig. 2) . 277
The simulation is performed for the transport of a single 1:1 electrolyte (NaCl) in pure 278 ambient water. In such ionic systems, the electrostatic interactions couple the movement 279 of the cation (Na + ) and the anion (Cl -) and lead to an identical displacement of the two 280 species. As a result, although the strong electrolyte (NaCl) fully ionizes in the aqueous 281 solution and the two ions (Na + and Cl -) are characterized by different mobility, they 282 18 travel as a single species in order to maintain electroneutrality. Hence, for this particular 283 case, the diffusion (and dispersion) of these two ions can be characterized by a single 284 diffusion coefficient (e.g., [36] ): 285
where D NaCl represents the combined diffusion coefficient of the electrolyte. The comparison between the multicomponent ionic transport model and the analytical 301 solution at the end of t = 18 hours of simulation is shown in Fig. 2 . The instantaneous 302 19 rectangular slug source spreads and approaches a Gaussian elliptical shape during the 303 transport through the homogeneous porous medium ( Fig. 2a-c) . It is evident from the 304 two-dimensional concentration distributions that the concentrations both from the 305 multicomponent ionic transport simulations ( Fig. 2a-b ) and from the analytical solution 306 (Eq. 14, Fig. 2c ) are very similar. Fig. 2 to the case of transient multicomponent ionic transport. In this example, we specifically 335 focus on multicomponent diffusion (with charge effects) and ion-exchange problem. In 336 order to focus on the multicomponent effects, we consider diffusion-dominated transport 337 in the virtual column setup, by decreasing of a factor of ten the value of the seepage 338 velocity (v = 0.024 m/day). The column geometry, the exchanger properties and the 339 involved ions and concentrations are kept the same as in the original example described 340 above. Instead of a single diffusion coefficient for all ionic species, species-specific 341 aqueous diffusion coefficients are used for different ions. The self-diffusion coefficients 342 used for different species are reported in Table 2 . For the sake of simplicity, dispersivity 343 is neglected and thus is set to zero and the pore diffusion coefficients are assumed to be 344 identical to the aqueous diffusion coefficients (i.e., porosity, θ = 1). The 1-D PHREEQC 345 simulations are conducted by using the keyword multi_d, which allows accounting for 346 multicomponent ionic transport [29] . On the other hand, in our two-dimensional transport 347 code coupled with PHREEQC, multicomponent ionic transport calculations are 348 performed by solving Eqs. (7-10) as illustrated in Section 3 and Table 1 . Fig. 3 represents 349 the simulated effluent breakthrough curves of different ionic species. Notice that, due to a 350 smaller advective velocity, diffusion becomes more dominant in this case compared to 351 the advection-dominated ion-exchange problem ( Fig. S5, Supplementary Material) . This 
EXAMPLES OF MULTICOMPONENT IONIC TRANSPORT SIMULATIONS 366
In this section we present scenarios of multicomponent transport of ionic solutes in both 367 homogeneous and heterogeneous domains. Section 5.1 focuses on conservative 368 multicomponent transport of electrolyte systems. The impact of charge effects on 369 breakthrough curves and plume dilution of the different ionic species during conservative 370 23 transport are analyzed. Section 5.2 illustrates multicomponent transport of charged 371 species undergoing ion-exchange reactions. We present scenarios with increasing level of 372 complexity in terms of physical heterogeneity (i.e., spatially variable hydraulic 373 conductivity) and chemical heterogeneity (i.e., spatially variable ion-exchange capacity). 374
Conservative Transport 375

Simulations in Homogeneous Domain 376
The simulations were performed to show the influence of charge interactions on transient 377 multicomponent ionic transport. We consider two different domains, a homogeneous 378 porous medium and a heterogeneous formation, at two different scales. Table 3 . It should be noted that these simulations 394 are run by considering the assumption that the transported ionic species do not interact 395 with the solid matrix and perfect conservative conditions exist. 396 ion "i" can be defined as [77] : 404
where q x = vθ is the longitudinal component of specific discharge, Ω is the cross-405 sectional area, θ is the porosity, and p Q,i is the flux-related probability density function of 406 the charged species "i" at time t: 407
The simulation outcomes at velocity of 0.1 m/day and 1 m/day are shown in Figs. 4a-f 408 and 4g-l, respectively. For the transport of a single electrolyte (HCl) in pure water, 409 despite having very different diffusivities (Table 2) , the breakthrough curves of the cation 410 (H + ) and anion (Cl -) are identical at both flow velocities ( Fig. 4a and 4g ). On the other 411 25 hand, during transport in the presence of a background electrolyte, their breakthrough 412 profiles are significantly different, with the faster ion (H + ) having more spread profiles 413 and lower peak concentrations compared to the slower one (Cl -) ( Fig. 4b and 4h ). The 414 profiles of flux-related dilution index show identical values for transport in pure water 415 ( Fig. 4d and 4j) ; whereas in the case of background electrolyte the cation (H + ) plume is 416 considerably more diluted (approximately 2 times) than the anion (Cl -) plume ( Fig. 4e  417 and 4k). This behavior is induced by the charge interactions between positively and 418 negatively charged species. During transport in pure water the cation and anion travel 419 together in order to fulfill the local charge balance and thus they are electrostatically 420 coupled. On the other hand, when the same ions are transported through a background 421 electrolyte solution, the domain is locally charge balanced by the background ions and, 422 consequently, the cation and anion in the solute plume can travel and subsequently dilute 423 according to their self-diffusive/dispersive properties. However, in both cases the E Q,i 424 profiles for different ions show a monotonic increase over time at the outlet cross-section 425 of the domain (Fig. 4e and 4f) . For the transport of mixed electrolytes in pure water (H + , Mg 2+ and Cl -), the breakthrough 432 curves show a distinct pattern which follows the same order as suggested by their self-433 diffusivities ( Table 2) : where H + has the most spread profile with the lowest peak 434 concentration and Mg 2+ shows the least spread profile and the highest peak concentration 435 (Fig. 4c) . The Clprofile lies in between those of the cations. Due to the electrostatic 436 27 interaction during the displacement of the different ions, the profiles are also different 437 compared to those of transport under "liberated" conditions (i.e., when they are 438 transported as uncharged species). The behavior of the flux-related dilution index profiles 439 of the ionic species for this scenario is quite interesting. The cation dilution profiles show 440 a bulge-shape resembling a concave function. The cations have an increasing pattern of 441 dilution reaching a maximum, and afterwards decreasing again (red and blue solid lines; 442 Fig. 4f ). The pattern is opposite (convex shaped) for the anion (Cl -) for which the E Q 443 profile decreases and reaches a minimum at around mean breakthrough time and 444 afterwards it starts increasing again (green lines; Fig. 4f ). Such dilution behavior is 445 significantly different compared to the monotonic increase at their "liberated" state 446 (dotted lines; Fig. 4f ) and can be explained considering the ionic interactions between the 447 transported species. In fact, at early breakthrough times, when the fringe of the plume 448 arrives at the outlet boundary, H + is more enriched compared to Mg 2+ because of the 449 higher diffusive/dispersive properties of H + . As a consequence, H + is mainly responsible 450 for counterbalancing the negative charge of Clin the fringe area. Therefore, at the edge 451 of the plume, the dilution of H + and Clare similar, as reflected in their very early and 452 late time E Q,i values, and these ions tend to be electrostatically coupled. Thus, among 453 these two abundant species in the fringe zone, the diffusivity of H + decreases and the one 454 of Clincreases compared to their true "liberated states" in order to maintain charge 455 balance. On the other hand, in the center of the plume, Mg 2+ has a higher relative 456 concentration and hence higher contribution to counter the negative charge of Cl -. So, in 457 this case, E Q,Cl-decreases due to a stronger coupling to a slower positive ion (Mg 2+ ), and 458 for the same reason Mg 2+ dilution increases compared to its liberated values (Fig. 4f ). 459
28
The differences between the actual dilution of the ions' plumes compared to their 460 theoretical displacements at "liberated state" are notable for all the reported ions, as 461 shown by the different patterns of the corresponding lines in Fig. 4f . 462
Similar patterns of concentration and dilution breakthrough curves are obtained at higher 463 velocity (v = 1 m/day) ( Figs. 4g-l) . Due to the advection-dominated transport, 464 breakthrough curves are less spread (narrow profiles with higher peak concentrations) 465 compared to their respective cases at slow velocity (v = 0.1 m/day). Interestingly, because 466 of the higher Péclet numbers (i.e., higher values of dispersion coefficients) at v = 1 m/day 467 the absolute values of dilution indices (E Q,i ) are considerably higher (approximately 5 468 times) with respect to the ones obtained at slow velocity ( Figs. 4j-l, 4d-f ). This implies 469 that, even though the breakthrough curves and the concentration distribution are less 470 spread, the plumes are in fact more diluted at higher seepage velocity, since the mass 471 fluxes of the different ions are distributed over larger water fluxes. 472
Simulations in Heterogeneous Domain 473
The analogous set of simulations was also performed in a heterogeneous domain to 474 investigate the large-scale effects and the influence of heterogeneity on breakthrough and 475 dilution during conservative multicomponent ionic transport. The simulations were run in 476 a randomly generated two-dimensional flow-field (20 m × 2.5 m) representing a vertical 477 cross-section of a mildly heterogeneous aquifer. The hydraulic conductivity statistics are 478 consistent with those reported for the Borden aquifer [78] and the mean hydraulic 479 gradient was adjusted to produce average flow velocities of 0.1 and 1 m/day. The domain 480 is discretized into 200 cells (Δx = 10 cm) in the horizontal direction and 250 cells (Δz = 1 481 cm) in the vertical direction. The heterogeneous conductivity field is generated with an 482 29 exponential covariance model and by using the spectral approach described by Dykaar 483 and Kitanidis [79] . The summary of hydraulic and transport parameters used in the 484 simulations are given in Table 3 . 485 term is linked to the hydraulic conductivity through the average grain size (Eq. 12). The 492 simulated velocities and streamlines are shown in Fig. 5a . The concentration distribution 493 of the plume containing mixed electrolytes (HCl and MgCl 2 ) after 7 days of simulation is 494 depicted in Fig. 5b-d . It is evident that due to heterogeneity and flow variability, the 495 shapes of the different ionic plumes are irregular. It is interesting to notice that even in 496 this spatially variable domain and under an advection-dominated regime (average v = 1 497 m/day), the compound-specific behavior of the different ions is still significant as shown 498 by the different distributions of the two cations and of the anion concentration. Due to a 499 higher diffusivive/dispersive properties, the H + plume is evidently more diluted and 500 30 shows a lower peak concentration compared to the other two ions (Fig. 5b) . On the other 501 hand, the Mg 2+ plume is more affected by the spatial variability of the velocity 502 distribution and consequently results in a more stretched but less diluted plume with a 503 higher peak concentration (Fig. 5c ). The shape of the anion (Cl -) plume appears to be in-504 between those of the cations. values are calculated for a concentration threshold equal to 10 -6 of the peak concentration 518 for each species. 519 520 For the transport of both HCl in a background electrolyte (Fig. 6b,h) as well as for the 521 case of mixed electrolyte in pure water (Fig. 6c,i) , the differences among the ionic 522 temporal profiles are smaller compared to those observed in homogeneous domain. 523
However, the differences in dilution between the ions are still significant as shown by the 524 computed trends of E Q,i . Unlike the regular increase of E Q,i in the homogeneous domain, 525 the dilution breakthroughs in the heterogeneous flow field have a non-monotonic pattern. 526
As observed in pore-scale domains [77] , also for these continuum simulations such 527 behavior can be attributed to the spatial variability of the velocity field and mass transfer 528 limitations in the low-permeability zones of the heterogeneous flow field. Despite the 529 different and irregular shape of the dilution breakthroughs compared to a homogeneous 530 domain, the computed values of E Q,i at both flow velocities show the clear and persistent 531 effect of the electrostatic coupling also in the heterogeneous flow field. This important 532 feature can also be clearly appreciated from the maps of the ion concentration 533 distributions ( Fig. 5 ) but would be missed if one were to analyze exclusively flux-534 averaged concentration breakthrough curves at the outlet of the domain (Fig. 6 a-c and g-535 i). 536
The effect of electrostatic coupling is also evident from the maps of the dispersive flux 537 components. As an example, Fig. 7 shows the results of transverse dispersive fluxes for 538 the case of mixed electrolytes at v = 0.1 m/day. It is interesting to notice the interplay 539 between the pure dispersive and the electrochemical migration components. For instance, 540 considering H + it can be clearly observed that the electromigration component can have 541
both a positive and a negative contribution to the total dispersive flux (Fig. 7g) . Thus, the 542 displacement of the ion can be increased or decreased in different locations within the 543 33 plume. Similar considerations are valid for the other cation and for the anion. The latter 544
shows an inversely correlated behavior with respect to H + , with displacement of Clions 545 enhanced in the plume fringe, where they are mostly coupled to H + , and decreased in the 546 plume core, where the charge interaction is stronger with Mg 2+ . Mapping of the ionic flux 547 components helps understanding and visualizing the coupling between the transport of 548 charged species and confirms a similar behavior as noticed in the small scale 549 homogeneous domain by analyzing the dilution breakthrough curves ( Fig. 4f and 4l) . and Electrochemical migration fluxes (g, h, i). The direction from the core to the fringe of 554 the plume is considered positive for the calculated fluxes. 555 556
Multicomponent Reactive Transport 557
In this section we present examples of two-dimensional multicomponent ionic transport 558 coupled to chemical reactions in physically and chemically heterogeneous domains. We 559 consider ion-exchange reactions and, similarly to a previous study [80], we extend a 1-D 560 34 example problem (Section 4.2) to two-dimensional spatially-variable domains. We focus 561 on multicomponent ionic transport and we consider a slug release of CaCl 2 in a 2-D 562 domain containing Na + , K + and NO 3 as initial and ambient solution. The simulations are 563 run in heterogeneous domains with different distributions of key physical and chemical 564 parameter such as the hydraulic conductivity and the cation exchange capacity (Table 4) . 565 The simulations were run in the randomly generated 2-D fields with the same geometry 567 and hydraulic properties of those used in Section 5.1.2. Fig. 8 the downstream front of the plume. As it propagates through the domain, Ca 2+ reacts with 599 the exchanger and displaces the background cations (K + and Na + ) from the solid. Because 600 of different affinities towards the solid phase, a chromatographic sequence is clearly 601 observed among the positive ions: with Na + (lowest affinity, Fig. 9c ) being the first 602 species released from the solid phase, followed by K + (Fig. 9b) The effect of K + and Na + displacement from the solids is also reflected from the fact that 608 these background cations show a surplus of dissolved concentration relative to their 609 initial values (Fig. 9b-c) . The center of mass of the cation plumes also moves with 610 different apparent velocities: with Na + being the fastest species and Ca 2+ being the 611 slowest one. 612
In Scenario B, the solute slug migrates with groundwater along random flow paths and in 613 a geochemically heterogeneous domain. The concentration and spreading of cation 614 plumes ( Fig. 9d-f ) are quite different compared to the previous scenario. The background 615 ions (K + and Na + ) contain relatively higher concentration in the dissolved phase 616 compared to Scenario A (relative differences in the peak concentrations are ~32% for K + 617 and ~11% for Na + ) . Conversely, Ca 2+ shows a distribution that has smaller peak 618 concentration (approximately 22%) relative to the plume in Scenario A (Fig. 9a,d) . This 619 38 implies that the heterogeneous distribution of geochemical properties leads to an 620 enhancement of ion-exchange reactions and more effective retention of Ca 2+ . After 75 621 days of simulation, the total mass of Ca 2+ in the dissolved phase is ~34% smaller in the 622 chemically heterogeneous domain with respect to Scenario A. This behavior can also be 623 further confirmed from the depth-integrated breakthrough curves of Ca 2+ at the end of the 624 heterogeneous domains (Fig. 10a ). The depth-integrated peak concentration of Ca 2+ in 625 Scenario B (red solid line) is significantly smaller (approximately ~5 times) compared to 626 Scenario A (black solid line). The mean arrival of breakthrough in Scenario B is also 627 considerably delayed (~20 days) compared to Scenario A. The dotted lines represent the 628 breakthrough curves of respective scenarios by ignoring the charge interactions (i.e., as 629 "liberated state"); while keeping the other hydraulic, transport and geochemical 630 conditions identical in the simulations. Scenario B is a random realization with the same 631 average CEC of scenario A. However, the total cation exchange capacity in the two 632 systems is different and this has an important effect on the breakthrough of calcium in the 633 two setups. Therefore, we considered an additional case in which not the average, but the 634 total CEC is the same in the two cases. The results of this additional simulation are 635 reported in Fig. 10b and show a closer behavior in terms of both arrival time and peak 636 concentration between scenario A and scenario B. It is interesting to notice that in all 637 cases a contribution due to electrochemical migration can be appreciated even in the 638 integrated profiles. Such contribution, in the considered physically and/or chemically 639 heterogeneous realizations, tends to cause an additional retardation of the calcium 640 plumes. We attribute this observation to the enhancement of Ca 2+ dispersion fluxes 641 through the electrostatic coupling with the more mobile anions present in the domain. 642 39 This results in lower peak concentrations and more spread Ca 2+ profiles. Such differences 643 in displacement do not only influence the breakthrough of calcium but also the mass 644 recovered at the outlet. In fact, the electromigration contribution to the dispersive fluxes 645 causes enhanced displacement of calcium at the outer fringe of the plume. In these 646 regions calcium comes into contact with solid with available CEC and, thus, it is retained 647 more effectively in the solid phase. As a consequence, a lower portion of the mass is 648 recovered at the outlet. 649 In this paper, we presented a two-dimensional multicomponent reactive transport model 658 which is capable of taking into account the electrochemical migration effects during ionic 659 transport as well as a wide range of geochemical reactions. The modeling framework is 660 based on a multicomponent formulation of diffusive/dispersive fluxes and on the 661
